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Figure 1. Mirror pyramidal tract neurons.
(A) Action execution. Two neurons in the
motor cortex that send their axons to the
spinal cord via the pyramidal tract (pyramidal
tract neurons, PTNs) each fire a burst of action
potentials (PTN 1 and PTN 2) as a monkey
executes a precision pinch, grasping a raisin
between the tips of the thumb and index
finger. (B) Action observation. Each pyramidal
tract neuron also responds as the monkey
watches a human grasp a raisin with a
precision pinch. But while PTN 1 fires another
burst, the firing of PTN 2 is comparatively
suppressed. The total excitation delivered to
the spinal cord by the pyramidal tract neurons
therefore is less during action observation,
when the monkey does not execute the
movement. (Monkey drawn by A. Goodman.)
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movement as quickly and efficiently as
possible when the ‘‘Go’’ cue arrives.
Our understanding of mirror neurons
may evolve in a similar direction as
future studies explore additional
possibilities.Duringactionobservation,
visual inputs lead to activation of
mirror neurons but not to movement
execution. Perhaps mirror neurons
can be activated as well by internalinputs. Humans can imagine
making a movement — ‘motor
imagery’ —without actually performing
themovement. Studies using functional
magnetic resonance imaging show
activation in the same part of M1 during
motor imagery as occurs during actual
execution of the same movement [14].
Perhaps just as visual inputs activate
mirror neurons during action
observation, internal inputs activate
mirror neurons during motor imagery.
Furthermore, by imagining the same
movement being performed over and
over — ‘mental rehearsal’ — humans
mayactually improve their performance
in tasks ranging from the seemingly
non-cognitive, such as weightlifting, to
the highly skilled, such as surgery and
piano playing. Improved execution
indicates that the mental rehearsal
inducedsomedegreeofmotor learning,
presumably reflecting changes in
synaptic strengths resulting from
activity-dependent plasticity. If mirror
pyramidal tract neurons eventually are
found to be activated during mental
imagery and mental rehearsal, then
some of this synaptic plasticity may be
occurring in the spinal cord [15]. Finally,
both humans andmonkeys can learn to
perform a complex movement by
watching others perform the
movement. Mirror pyramidal tract
neurons may cause activity-dependent
synapticplasticity in thespinal cord that
helps Mr Bananas learn to perform
a new movement after watching Fred:
monkey see, monkey do.
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Go Out of BoundsPatterning in plants requires defining boundary domains that separate and
organize the development of the neighboring organs. Two papers now show
how the interplay between brassinosteroid phytohormones and frontier genes
contributes to boundary formation in plants.Nicolas Arnaud and Patrick Laufs
The formation of boundaries is
a recurrent process during both animaland plant development [1,2].
Boundaries act as a frontier between
two different cell types, thus allowing
cell specialization and the apparition of
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Figure 1. BR and the boundary domain in plants.
BRs and primordium expression of BOP1 and BOP2 activate LOB expression in the boundary
domain separating the organ primordium from the pool of undifferentiated cells, the meristem.
LOB reduces BR signaling, in particular via the activation of the BR-inactivating enzyme BAS1.
In turn, low BR leads to a derepression of the CUC and LOF genes and low growth, thus gener-
ating the boundary domain. Cross-talk between BR and auxin, and between auxin and
boundary genes, in particular the CUC genes, contributes to the patterning of the boundary
domain.
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R153new functions. In addition, boundaries
also often act as organizing centers,
providing information to the
neighboring cells to control their fate.
Therefore, the setup of boundaries is
a crucial step in the development of
multicellular organisms and enables
the generation of tissues and organs
with specific functions and shapes.
Two recent papers published in
Proceedings of the National Academy
of Sciences describe a new role for
brassinosteroid (BR) phytohormones
in the formation of boundaries in
plants [3,4].
One of the best characterized
boundary domains in plants is the
boundary that separates the
primordium of lateral organs,
such as leaves, from the pool of
undifferentiated cells, the meristem,
from which it originates [2,5]. This
boundary forms a groove between
the meristem and organ primordia or
between neighboring organ primodia
and is formed by a stretch of cells
with particular shapes and reduced
growth. Transcription factors encoded
by genes such as CUP-SHAPED
COTYLEDON (CUC1, CUC2 and
CUC3), LATERAL ORGAN FUSION
(LOF1), LATERAL ORGAN
BOUNDARIES (LOB) or JAGGED
LATERAL ORGAN (JLO) specify the
boundary domain [2,5]. Inactivation
of some of these genes, such as the
CUC genes, leads to organ fusion,
consistent with their role in the
repression of cell proliferation to
allow organ separation [6]. Mutations of
these genes also lead to defects
outside the boundary domain as
exemplified by their effect on the
expression of the type I KNOX genes.
Type I KNOX genes are expressed
in the meristem where they prevent
cell differentiation and are repressed
in the founder cells of lateral organs
[7]. Mutation of the JLO boundary
gene leads to ectopic type I KNOX
expression in the developing lateral
organs [8], whereas reduced type I
KNOX expression is observed in
cuc mutants leading to defective
meristems [9]. Therefore, the
boundary domain acts both locally
to allow organ separation and at
a distance to control meristem
and organ primordium development.
How the boundary domain is set
up both at the molecular and
cellular levels is far from being
understood, though somemechanisms
controlling the expression patternof the boundary genes have been
identified and some of their targets
characterized [2,10].
BRs represent a major class of
plant steroid hormones promoting
growth in a variety of developmental
processes [11]. BRs bind to the
plasma membrane receptor kinase
BRI1 and act via the BIN2 kinase
and the BSU1 phosphatase to
modulate the DNA-binding activities
of BZR1 and BZR2/BES1 transcription
factors on their target genes [12,13].
Mutants insensitive to BRs are dwarf
[11], and at the cellular level BRs
promote growth by modulating both
cell expansion and cell division [14].
Many targets of BZR1 are involved
in cell wall and cytoskeleton
reorganization as well as water and
ion fluxes, which are important
processes controlling cell expansion
[15]. In addition, bri1 mutants have
reduced root meristem size due todecreased mitotic activity, which can
be rescued by over expression of
CycD3;1 [16].
In a three-step demonstration,
Gendron et al. [3] and Bell et al. [4]
show that BRs contribute to define
the boundary domain, at both the
molecular and cellular levels. The
first step was the demonstration that
BRs antagonize boundary formation
between organs: exogenous BR
application, overexpression of
the BR biosynthetic gene DWF4,
or expression of a dominant
BR-hypersensitive form of the BZR1
transcription factor lead to organ
separation defects. These defects
include fusion between cotyledons or
floral organs and between an axillary
branch and its subtending cauline
leaf. Since the nuclear accumulation
of the BZR1 protein is regulated by
BR-dependent phosphorylation,
Gendron et al. used BZR1 distribution
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activity, thus showing that BR signaling
is reduced in the boundary domain.
How could this reduced BR signaling
contribute to meristem patterning?
As BRs are positive regulators of
cell growth/division, lower BR signaling
in the boundary domain could
contribute to the reduced growth of
this domain. Gendron et al. revealed
an additional mechanism: in the
second step of their demonstration,
they showed that BRs repress the
expression of the CUC1, CUC2, CUC3
and LOF1 boundary genes, leading
to the hypothesis that the specific
expression of these genes may result
from their local derepression due to
lower BR signaling. Indeed, Bell et al.
showed in the third step of the
demonstration how a domain with
lower BR signaling could be generated.
The key here was the identification of
the targets of the LOB transcription
factor. Among the genes whose
expression was modified following
ectopic LOB expression, 60% were
previously shown to be modulated
by BRs, providing a molecular basis
for the observation that LOB
modulates BR responses. Among
these genes, BAS1, which encodes
a BR-inactivating enzyme, was
shown to be directly activated by
LOB. BAS1 and LOB expression
overlap in the boundary region that
separates an axillary branch from its
subtending cauline leaf, and LOB
inactivation leads to fusion of these
two structures. Very elegantly, Bell
and collaborators showed that
expressing BAS1 under the control
of the LOB promoter was sufficient
to suppress the organ fusion defect
of the lob mutant, showing that
reducing BR locally is sufficient for
the formation of a functional boundary
domain. Therefore, the following
model can be proposed (Figure 1):
expression of the LOB gene leads
to the repression of BR signaling,
partly through the activation of the
BAS1 BR-inactivating enzyme.
Reduced BR signaling in turn limits
cell growth of the boundary domain
for proper organ separation while
promoting the expression of the
other boundary genes such as CUC
and LOF genes.
While LOB is expressed in the
boundary where BR signaling is low,
Bell et al. also showed that BRs
activate LOB. To explain this
apparent contradiction, one couldenvisage that a local burst of BR
signaling leads to LOB activation,
which in turn inactivates BR signaling.
While there is for the moment no
evidence for such a scenario, other
mechanisms may contribute to
initiate LOB expression. LOB has been
shown to be activated by BOP1/2,
which are expressed in a layer of
cells adjacent to the lateral organ
boundary [17]. Hormones other than
BRs may also be at play in the
formation of boundary domains.
Indeed, JLO and AS2, two members
of the LBD family to which LOB also
belongs [18], coordinate transport
of the phytohormone auxin via the
control of the expression of the
auxin efflux ransporter PIN [8].
In leaves, CUC2 promotes the
generation of PIN-dependent
auxin maxima, while auxin represses
CUC2 expression in a regulatory
loop [19]. Taken together, these
results reveal a close interplay
between auxin and BR in the
formation of the boundary domain.
The next challenge will be to further
analyze this interplay and identify
the molecular mechanisms at play.
This could be inspired, for instance,
by previous work demonstrating
a synergistic effect between auxin
and BRs during photomorphogenesis
in which it was shown that the
phosphorylation of the auxin
response factor ARF2 by the
BR response repressor BIN2 results
in the loss of DNA-binding capacities
of ARF2 [20].
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